The diffusion and spatial distribution of tin from solder, and nickel from diffusion barrier in p-type ͑Bi, Sb͒ 2 Te 3 and n-type Bi 2 ͑Te, Se͒ 3 thermoelectric materials were investigated using electron microscopy. The results indicate that nickel is a suitable diffusion-barrier material for tin in both ͑Bi, Sb͒ 2 Te 3 and Bi 2 ͑Te, Se͒ 3 . However, even though it is not an issue in the ͑Bi, Sb͒ 2 Te 3 , the nickel diffuses several microns into the Bi 2 ͑Te, Se͒ 3 during the soldering processing and degrades its performance. Diffusion coefficients of nickel in p-type ͑Bi, Sb͒ 2 Te 3 and in n-type Bi 2 ͑Te, Se͒ 3 were also quantitatively studied.
The p-type ͑Bi, Sb͒ 2 Te 3 and n-type Bi 2 ͑Te, Se͒ 3 are important semiconductors for thermoelectric cooling ͑Peltier͒ devices. [1] [2] [3] For simplicity, hereafter, the two semiconductors will be referred to as p-type Bi 2 Te 3 and n-type Bi 2 Te 3 , respectively. In Peltier devices, copper ͑Cu͒ is usually chosen as the metallic electrodes and a eutectic Sn 42 Bi 58 alloy as solder. Electrode materials and solders can diffuse into the devices and degrade the device performance. For example, Cu diffuses very rapidly in stoichiometric Bi 2 Te 3 at room temperature and changes the carrier concentration of the material. 4, 5 The diffused Sn from Sn 42 Bi 58 reduces the thermoelectric power of Bi 2 ͑Te, Se͒ 3 . 6 In order to avoid the diffusion of Sn from the solder and Cu from the electrode into both p-and n-type Bi 2 Te 3 , a nickel ͑Ni͒ layer of 3 -5 m thick is always used as the diffusion barrier in commercial Peltier devices. 7 While the effectiveness of a Ni diffusion barrier for Cu in undoped Bi 2 Te 3 was reported, 8 the effectiveness of a Ni barrier for Sn 42 Bi 58 solder in Bi 2 Te 3 is not clear. As expected, our reported experiment shows that a Ni diffusion-barrier layer can effectively block the diffusion of Sn 42 Bi 58 solder. However, the barrier material ͑Ni͒ itself diffuses into both p-and n-type, especially into n-type Bi 2 ͑Te, Se͒ 3 . This rapid diffusion of Ni in n-type Bi 2 ͑Te, Se͒ 3 degrades the thermoelectric properties of Peltier devices. The phenomenon reported here enhances our understanding on the function of Ni barrier layers and can help us improve the Peltier devices.
The crystalline specimens of both p-and n-type Bi 2 Te 3 legs with a dimension of 1.4ϫ 1.4ϫ 1.6 mm 3 were obtained from an unused Peltier device ͑Fuxin, China͒. Both p-and n-type Bi 2 Te 3 were coated with Ni diffusion-barrier layers and soldered with Sn 42 Bi 58 to the Cu electrodes. The legs were taken off the Peltier device, ground, polished, and Ar + ion milled at 3.2 KV. They were then examined on a JEM-2010F transmission electron microscope ͑TEM͒ and JEOL 6340F scanning electron microscope ͑SEM͒. Figure 1͑a͒ shows the cross-sectional TEM image of p-type ͑Bi, Sb͒ 2 Te 3 legs. An interface of the Ni barrier layer and the ͑Bi, Sb͒ 2 Te 3 is clearly observed. Figure 1͑b͒ is the TEM image of the interface region at a higher magnification. The circles in Fig. 1 Figure 2 shows that 11 EDS spectra were acquired across the Sn 42 Bi 58 -Ni-͑Bi, Sb͒ 2 Te 3 interface. Each spectrum marked by a letter is collected from the corresponding region in Fig. 1 . The numbers in nanometers indicate the distance of the EDS measurement region to the Ni-͑Bi, Sb͒ 2 Te 3 interface. Bi and Sn are detected inside the Ni diffusion-barrier layer, indicating that the solder elements Bi and Sn diffuse into the Ni diffusion-barrier layer. As the distance from the Ni to the Ni-͑Bi, Sb͒ 2 Te 3 interface decreases, the strength of the x-ray signal of Bi decreases while Ni increases. Only Ni was observed near the Ni-͑Bi, Sb͒ 2 Te 3 interface, as shown by spectrum F. The thickness of the pure Ni layer is about 15 nm, which is much less than the previously reported. Obviously, the Ni diffusion barrier layer effectively prevented the diffusion of Sn into ͑Bi, Sb͒ 2 Te 3 .
We also examined the other TEM specimen without the Ni diffusion-barrier layer. It was found that the diffusion depth of Sn into ͑Bi, Sb͒ 2 Te 3 was greater than 4 m. Therefore, the Ni layer is an effective diffusion barrier and can prevent the diffusion of Sn and Bi into ͑Bi, Sb͒ 2 Te 3 .
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Surprisingly, Ni diffuses deeply into n-type Bi 2 ͑Te, Se͒ 3 several microns, as shown by the EDS Ni K␣ profile in Fig.  3͑a͒ . On the contrary, Ni diffusion was hardly observed in the p-type ͑Bi, Sb͒ 2 Te 3 under SEM. In order to confirm the diffusion depth, a cross-sectional n-type specimen with ϳ100 nm thickness ͓perpendicular to the page in Fig. 3͑a͔͒ was prepared and quantitative chemical microanalyses were carried out on TEM. Figure 3͑b͒ is a typical cross-sectional TEM image with a Ni-Bi 2 ͑Te, Se͒ 3 interface shown as the vertical white line on the left. Figure 3͑c͒ illustrates some typical EDS spectra in Bi 2 ͑Te, Se͒ 3 close to the interface. Obviously, Ni diffuses into Bi 2 ͑Te, Se͒ 3 at least 3.5 m. The deep diffusion of Ni was also confirmed by EELS measurements.
All the tested specimens were taken from an unused Peltier device. We found that the deep diffusion of Ni in n-type Bi 2 ͑Te, Se͒ 3 is caused by the soldering process which occurs when the device is assembled. Usually, the soldering is carried out at several tens of degrees above the solder melting point ͑about 138-182°C depending on the manufacturer͒ for several minutes. In reality, n-and p-type legs need to work for many years at a moderate temperature. Ni would diffuse into n-type Bi 2 Te 3 legs even deeper and degrade the performance of n-type Bi 2 Te 3 legs. At the same time, the Ni diffusion-barrier layer would disappear as more Ni atoms diffuse into the Bi 2 ͑Te, Se͒ 3 materials. Once the Ni is gone, the solder and Cu would diffuse into Bi 2 ͑Te, Se͒ 3 materials and disable the n-type legs in a very short time. From this point of view, Ni is not a good diffusion-barrier material for n-type Bi 2 ͑Te, Se͒ 3 . This finding has not been reported before.
According to a recent report on the reliability of Peltier devices, the high failure rate of Bi-based Peltier devices 9 was attributed to the contamination of Cu ͑electrode materials͒ and to the diffusion of solders. From this study, we believe that the rapid diffusion of Ni in n-type Bi 2 ͑Te, Se͒ 3 instead of Sn or Cu could be the source of the degradation of the ther- moelectric properties in Peltier devices. We do not presently know how the Ni diffusion affects the thermoelectric power and electrical conductivity of Bi 2 ͑Te, Se͒ 3 . However, it is reasonable to presume that Ni behaves similar to other metals such as Pb in undoped Bi 2 Te 3 , 10 Sn in Bi 2 ͑Te, Se͒ 3 , 6, 11 and Cu in Bi 2 ͑Te, Se͒ 3 . 11 All of these dopants increase the electrical conductivity, thus reducing the thermoelectric power.
In order to compare the Ni diffusion in p-type ͑Bi, Sb͒ 2 Te 3 and n-type Bi 2 ͑Te, Se͒ 3 , Ni concentration is calculated from the EDS spectra and plotted in Fig. 4 
